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Mechanical Allodynia in a Mouse Model of Acute
Postoperative Pain
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The mechanisms that drive the normal resolution of acute postoperative pain are not completely understood. We hypothesize a pivotal
role of a major spinal mitogen-activated protein kinase (MAPKs) regulator, MAPK phosphatase (MKP)-3, in the resolution of postoper-
ative pain. We used wild-type and MKP-3 knock-out (KO) mice, a paw incision model of acute postoperative pain, and behavioral and
molecular biology experiments. We observed persistent mechanical allodynia in mice lacking MKP-3 (postoperative day 21), concur-
rently with persistent phosphorylation of spinal p38 and extracellular signal-regulated kinases (ERK)-1/2 on postoperative day 12, while
both MAPK phosphorylation and allodynia resolved on postoperative day 7 in wild-type mice. Spinal p-ERK was expressed mainly in
neurons and microglia, while spinal p-p38 was expressed mostly in microglia in MKP-3 KO mice, and their selective pharmacological
inhibition reduced the persistent allodynia observed in these mice. Our findings strongly suggest that dysregulation of MKP-3 prevents
spontaneous resolution of acute postoperative pain and drives its transition to persistent pain via persistent neuronal and microglial
MAPK phosphorylation in the spinal cord.

Introduction
While acute postsurgical pain generally resolves if treated effec-
tively, numerous common surgeries are followed by persistent
postoperative pain in 10 –50% of patients, with an estimated
350,000 new cases occurring annually in the United States (Ku-
pers and Kehlet, 2006). However, the pathophysiological mech-
anisms of postoperative pain, and its frequent transition to
chronic pain, are poorly understood (Burke and Shorten, 2009;
Katz and Seltzer, 2009). The phosphorylation of spinal mitogen-
activated protein kinases (MAPKs), such as p38 and extracellular
signal-regulated kinases (ERK)-1/2, is instrumental in the devel-
opment and maintenance of mechanical hypersensitivity in mod-
els of both chronic neuropathic pain (Ji et al., 2009) and acute
postoperative pain (Wen et al., 2009). Furthermore, our labora-
tory and others have shown that the phosphorylated form of p38
(p-p38) plays an important role in the mechanisms of persistent

postoperative pain in the spinal cord of rodents (Alkaitis et al.,
2010; Huang et al., 2011). However, it is unclear why spinal
MAPK phosphorylation is perpetuated in chronic pain models (Ji
and Suter, 2007), why it resolves spontaneously within days in
acute pain models (Wen et al., 2009), or why it remains for several
weeks in persistent pain models (Alkaitis et al., 2010; Huang et al.,
2011). It is possible that natural regulators of MAPKs, namely
MAPK phosphatases (MKPs), underlie the mechanisms that
drive the resolution of MAPK phosphorylation following surgery
and therefore the resolution of acute postoperative pain. We hy-
pothesize that dysregulation of MKP-3, a natural negative regu-
lator of MAPKs, drives the transition from acute to persistent
postoperative pain.

MAP kinase phosphatases are the main regulators of major
MAPKs (ERK-1/2, p38, and c-Jun N-terminal kinase/stress-
activated protein kinase (Owens and Keyse, 2007). MKPs are
substrate specific, such that MKP-3 preferentially dephosphory-
lates p-ERK (Owens and Keyse, 2007). We have recently demon-
strated the role of spinal MKP-1 or MKP-3 in the mechanisms
underlying neuropathic pain in the rat (Landry et al., 2012;
Ndong et al., 2012).

The clinical relevance of our interest in the MKP/MAPK
pathways under pain conditions is based on the clinical trials
showing that inhibition of p-p38, one of the natural substrates
of MKPs, effectively treats acute postoperative pain and
chronic neuropathic pain in humans (Anand et al., 2011; Tong
et al., 2012).
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Materials and Methods
Animals
Wild-type (WT, B6129SF2/J) and MKP-3 knock-out (KO, B6129X1-
Dusp6 TM1Jmol/J; The Jackson Laboratory) male and female (50- to

60-d-old) mice were used (Maillet et al., 2008).
Mice were maintained in a 12 h light/dark cycle
with ad libitum access to food and water. All
animal procedures were approved by The In-
stitutional Animal Care and Use Dartmouth
Committee at Geisel School of Medicine at
Dartmouth (Hanover, NH), and were per-
formed in accordance with the Guidelines for
Animal Experimentation of the International
Association for the Study of Pain.

Surgery and behavioral testing
Paw incision was used as a model of postoper-
ative pain in mice (Brennan et al., 1996;
Pogatzki and Raja, 2003). Mechanical sensitiv-
ity was tested using von Frey filaments (Stoelt-
ing) and an up-down statistical method before
the surgery (baseline), and on postoperative
days 1, 5, 7, 12, 15, 18, and 21, in both WT and
KO mice, or in KO mice on day 12, and 0.5, 1,
and 2 h post MAPK inhibitors. Naive mice
were used as controls. The experimenter was
blinded to genotype and treatment groups.

Peripheral inflammation
Paw inflammation was assessed before the sur-
gery and on postoperative days 1, 5, 7, and 12
by measuring the circumference of the paw ip-
silateral to surgery using a 4-0 silk thread
passed through the center of the surgical inci-
sion (between both sutures), in both WT and
MKP-3 KO mice. A statistically significant in-
crease in the circumference of the paw versus
basal levels was interpreted as inflammation.

Drugs and intrathecal injections
The MEK inhibitor, PD98059 (a blocker of
phosphorylation of ERK) and p-p38 inhibitor
SB239063 (Sigma) were diluted in dimethyl-
sulfoxide and saline (1:1). PD98059 (6.682 �g
[25 nmol], 5 �l), SB239063 (5 �g, 5 �l), or
vehicle (5 �l) was administered intrathecally
(Karim et al., 2001; Eijkelkamp et al., 2010) on
postoperative day 12 in KO mice using a 30
gauge needle by lumbar puncture (Hylden and
Wilcox, 1980). Brilliant Blue dye was adminis-
tered with drugs or vehicle to confirm the cor-
rect administration of agents via intrathecal
injection. The spinal cord tissues were col-
lected after the last behavioral assessment.

Tissue preparation and Western
blot analysis
The animals were killed using isoflurane anes-
thesia (4% in oxygen) and decapitation. The
L5–L6 region of the spinal cord was collected
and sonicated in PBS containing 1:1000 pro-
tease inhibitors (Sigma). Protein (50 �g) was
loaded to SDS PAGE (10% gels; Bio-Rad) and
transferred to nitrocellulose membranes (Bio-
Rad). The membranes were blocked and incu-
bated (4°C) overnight in primary antibodies as
follows (Landry et al., 2012; Ndong et al.,
2012): rabbit anti-MKP-1 (1:500; Santa Cruz
Biotechnology), rabbit anti-MKP-3 (1:3000;
Cell Signaling Technology), mouse anti-p-

ERK-1/2 (1:1000; Cell Signaling Technology), or rabbit anti-p-p38 (1:
1000 Cell Signaling Technology). The blots were then incubated in one of
the following secondary antibodies: goat anti-mouse horseradish perox-
idase (HRP)-conjugated antibody (1:3000; Bethyl Laboratories) or goat

Figure 1. Fifty percent paw withdrawal threshold (A) and paw circumference (B) at baseline (BL) and after paw incision on days 1–21
or 1–12 in WT (E, n�7–12) and MKP-3 KO mice (F, n�6 –12); two-way ANOVA�Bonferroni post hoc analysis, *p�0.05 WT versus
MKP-3KOgroup.RepresentativeWesternblot image(C)andquantificationforMKP-3(D)expressioninL5–L6spinalcordofWTmice,naive
and on days 1, 5, 7, and 12 after paw incision surgery (n � 3); one-way ANOVA � Dunnett’s post-test, *p � 0.05 versus BL. Enzymatic
activity assays of spinal MKP-1 from WT mice (E), and spinal MKP-3 from WT mice (F ). In E and F, representative Western blot image for
p-ERK-1/2 obtained from LPS-stimulated BV-2 cell lysate and MKPs from spinal cord (SC) lysate from which immunoprecipitation (IP) was
performed (top and center blots, respectively). The bottom blots in E and F show p-ERK-1/2 (quantified in combination) from LPS-
stimulatedBV-2cellbyIPalone(Ctrl,control),or inthepresenceofMKP-1orMKP-3immunoprecipitatedfromL5–L6spinalcord(ipsilateral
to surgery, WT mice), of naive (day 0 after surgery) or after paw incision surgery on postoperative days 1 or 12. Representative Western blot
images of spinal MKP-1 or MKP-3 obtained by IP are shown below IP pERK-1/2. For E and F, one-way ANOVA�Dunnett’s post-test, *p�
0.05 versus naive (day 0 after surgery, n � 3/group).
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anti-rabbit HRP-conjugated antibody (1:3000;
Pierce). Subsequently, the blots were washed
and imaged with a Syngene G-Box (Synoptics).
Some blots were stripped and reblotted with
primary and secondary antibodies as previ-
ously described (Ndong et al., 2012). Band in-
tensity was assessed using ImageJ software,
using �-actin as the loading control.

Immunoprecipitation and phosphatase
activity assay
Immunoprecipitation. The phosphatases (MKP-1
and MKP-3) were immunoprecipitated sepa-
rately using rabbit anti-MKP-1 or goat anti-MKP-3
antibody (1:100; Santa Cruz Biotechnology).
Protein A-conjugated magnetic beads (Life
technologies) were incubated with the above-
mentioned antibodies for 2 h at 4°C. Then,
samples of 50 �g of protein of L5–L6 ipsilateral
spinal cord sections of WT or KO mice on
postoperative days 0 (naive), 1, and 12 were
added to the beads conjugated with the
phosphatase-specific antibodies in three differ-
ent 0.5 ml tubes. Beads conjugated with anti-
bodies without spinal cord protein were the
negative control. The preparations were
rocked overnight at 4°C. The use of hemisec-
tions of the spinal cord may result in a dilution
of our samples, but this did not prevent the
detection of significant changes among the
groups studied.

For phosphatase substrate we used p-ERK
from mouse microglial BV-2 cells. Confluent
cell cultures (in flask) were treated with 1
mg/ml lipopolysaccharide (LPS) for 1 h at
37°C. The pelleted cells were sonicated and
centrifuged, and the supernatants were col-
lected. Rabbit anti-phospho-ERK antibody
Sepharose-conjugated beads (30 �l/500 �l of
BV-2 extract; Cell Signaling Technology) were
added to the sample and rocked overnight
at 4°C.

Phosphatase activity assay. According to a
concentration response curve for spinal MKPs
(50 �g, 100 �g; or 200 �g of total protein; data
not shown), the optimum enzymatic activity of
spinal cord MKP-1 and MKP-3 could be as-
sessed using 50 �g of total protein for 500 �l of p-ERK from BV-2
extracts as substrate. Phosphatase and p-ERK were conjugated and incu-
bated overnight at 4°C. Then, samples were used for Western blot anal-
yses as described earlier. The individual blots were incubated with mouse
anti-p-ERK-1/2. For every Western blot we included a sample of immu-
noprecipitated p-ERK from BV-2 cells in the absence of spinal cord
MKPs as the control group, which showed the amount of p-ERK in the
absence of enzymatic activity of MKPs. The expression level of p-ERK in
the presence of MKPs immunoprecipitated from spinal cords of naive
mice (postoperative day 0) was used to estimate the basal enzymatic
activity of MKPs in mice spinal cord. Therefore, a reduction of p-ERK
expression relative to naive group reflects higher enzymatic activity of
MKPs, and vice versa.

Immunohistochemistry
Mice were transcardially perfused under 2–3% isoflurane in O2 anesthe-
sia with 10 mM PBS (�150 ml) followed by 4% formaldehyde (�250 ml).
The spinal cord L5–L6 regions were mounted in optimal cutting temper-
ature compound (Sakura Finetek), frozen at – 80°C, and then trans-
versely cut to 20 �m thickness. Spinal cord sections were blocked and
dual staining was performed for the p-ERK-1/2 or p-p38 with cellular
markers. The tissues were incubated overnight in monoclonal mouse
anti-pERK (1:50; Cell Signaling Technology) with either rabbit anti-

NeuN/Fox3 (1:10,000; Biosensis), rabbit anti-ionized calcium binding
adaptor molecule-1 (Iba-1; marker for microglia, 1:1000; Wako), or rab-
bit anti-glial fibrillary acidic protein (GFAP; marker for astrocytes,
1:1000, Dako). The other set of tissues was incubated in monoclonal
rabbit anti-p-p38 (1:50; Cell Signaling Technology) with either mouse
anti-NeuN (1:10,000; Millipore Bioscience Research Reagents), mouse
anti-CD11b (marker for microglia, 1:1000; Wako), or mouse anti-GFAP
(1:400; Sigma). The sections were then incubated for 1 h in goat anti-
rabbit Alexa 555 and goat anti-mouse Alexa 488 (1:250 and 1:8000, re-
spectively; Invitrogen) and mounted in VectaShield medium (Vector
Laboratories). Confocal microscopy was performed with a Zeiss LSM
510 Meta confocal microscope and images were prepared with the Zeiss
LSM software and Adobe Photoshop software (Alkaitis et al., 2010). All
images were taken from laminae I–II of dorsal horn spinal cord ipsilateral
to paw incision.

Statistical analysis
All data are expressed as mean � SEM. Statistical analyses were per-
formed using GraphPad Prism 5 (GraphPad Software). For behavior
data analysis two-way ANOVA of repeated measurements was applied,
followed by Bonferroni post hoc. One-way ANOVA, followed by Dun-
nett’s post-test, was used to analyze differences of protein expression in

Figure 2. Representative Western blot image (A) and quantification for p-p38 (B) and p-ERK-1/2 (C) expression in L5–L6 spinal
cord of WT mice, and p-p38 (D) and p-ERK-1/2 (E) expression in L5–L6 spinal cord of MKP-3 KO mice, naive and on days 1, 5, 7, and
12 after paw incision surgery (n � 3); one-way ANOVA � Dunnett’s post-test, *p � 0.05 versus baseline (BL; n � 3/pgroup).
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Western blot analyses between groups. A p value �0.05 was considered
statistically significant.

Results
Mechanical allodynia and paw inflammation
We did not observe any overtly altered behavior in MKP-3 KO
mice compared with WT mice. Both strains gained weight at a
normal rate at the ages they were used in this study. MKP-3 KO
mice did not express MKP-3 in the spinal cord and spinal MKP-1
expression did not differ between WT and MKP-3 KO mice (data
not shown).

Baseline mechanical withdrawal thresholds and paw incision-
induced mechanical hypersensitivity on postoperative day 1 did
not differ between WT and MKP-3 KO mice (Fig. 1A). In WT
mice this mechanical allodynia resolved with no intervention
7–12 d after surgery (Fig. 1A), as previously shown in mice
(Pogatzki and Raja, 2003). In MKP-3 KO mice paw incision-

induced mechanical allodynia persisted
until postoperative day 21 (Fig. 1A).

Paw circumferences measured before
surgery and paw incision-induced inflam-
mation on postoperative day 1 did not dif-
fer between WT and MKP-3 KO mice
(Fig. 1B). In WT mice, this paw inflamma-
tion resolved with no intervention on
postoperative day 5 in accordance with
the observed resolution of mechanical
allodynia. In MKP-3 KO mice, paw
incision-induced inflammation persisted
on postoperative days 5 and day 7 and re-
solved on postoperative day 12 (Fig. 1B),
in contrast to the still present mechanical
allodynia at this time point. These data
suggest that persistent postoperative allo-
dynia in MKP-3 KO mice is not directly
related to peripheral inflammation, which
prompted us to seek a possible causative
relationship within the molecular mecha-
nisms at the spinal cord.

MKP-1 and MKP-3 expression, activity,
and MAPK cellular localization in the
spinal cord
We observed no significant changes in
spinal cord MKP-1 expression at any
studied time following paw incision (data
not shown) in WT mice. However, spinal
cord MKP-3 expression increased on days
5, 7, and 12 after surgery (Fig. 1C,D) in
WT mice. Spinal MKP-1 enzymatic activ-
ity increased on postoperative day 1, but
not on postoperative day 12 (Fig. 1E) in
WT mice. Spinal MKP-3 enzymatic activ-
ity enhanced on postoperative days 1 and
12 (Fig. 1F) in WT mice.

The expression of spinal MKP-1 in
MKP-3 KO mice was enhanced on post-
operative days 1 and 12 but not on days 5
and 7 following paw incision (data not
shown). However, MKP-1 enzymatic ac-
tivity from MKP-3 KO mice did not
change following paw incision on days 1
and 12 (data not shown).

We then measured the levels of spinal
MKP-1 and MKP-3 substrates following paw incision (Fig. 2A).
As previously reported (Wen et al., 2009), we observed that spinal
p-p38 expression was elevated on day 5 and returned to basal
levels on days 7 and 12 following paw incision in WT mice (Fig.
2B). Similarly, spinal p-ERK-1/2 expression was enhanced on
postoperative day 5 and returned to basal levels on day 7 follow-
ing paw incision in WT mice (Fig. 2C). These data are in accor-
dance with the changes observed in spinal MKP-1 and MKP-3
and with the initiation and resolution of postoperative me-
chanical allodynia observed in WT mice. In contrast, in
MKP-3 KO mice, both spinal p-ERK-1/2 (Fig. 2D) and p-p38
(Fig. 2E) expression were enhanced on days 5, 7, and 12 after
paw incision. These data are in accordance with the persistent
mechanical hypersensitivity observed in MKP-3 KO mice fol-
lowing paw incision.

Figure 3. Immunofluorescent staining of p-p38 (A) and p-ERK (B) in dorsal horn spinal cord (L5–L6) ipsilateral to paw incision.
Confocal images of p-p38 staining (red) in CD11b-expressing microglia (green; C). Confocal images of p-ERK staining (red) in NeuN-
expressing neurons (green; D) or in Iba-1-expressing microglia (green; E). All images were taken ipsilateral to paw incision 12 d
after surgery in KO mice. All confocal images were taken in laminae I–II of dorsal horn of L5–L6 spinal cord. Colocalization (merge)
is shown in yellow/orange. P-p38 color (originally in green) was changed to red, and cellular marker color (originally in red) was
changed to green to obtain a better visualization and for consistency with the other immunofluorescence data.
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On day 12 after paw incision in MKP-3 KO mice, spinal p-38
was expressed in superficial and deep laminae of the dorsal horn
(Fig. 3A), and spinal p-ERK was expressed mostly in laminae I–II
(Fig. 3B). At this time point spinal p-p38 in laminae I–II was
expressed mostly in microglia (Fig. 3C, CD11b-expressing cells),
but not in neurons or astrocytes (data not shown), and spinal
p-ERK in lamina I–II was expressed mostly in neurons (Fig. 3D,
NeuN-expressing cells) and in some microglia (Fig. 3E, Iba-1-
expressing cells), but not in astrocytes (GFAP-expressing cells,
data not shown).

Spinal MAPK phosphorylation inhibition in MKP-3
KO animals
The intrathecal administration of either SB239063 (5 �g; p-p38
inhibitor) or PD98059 (6.682 �g; MEK inhibitor) on postopera-
tive day 12 in MKP-3 KO mice reverted the persistent mechanical
allodynia induced by paw incision (Fig. 4A), and reduced the
expression of p-p38 (Fig. 4B,C) and p-ERK-1/2 (Fig. 4D,E), re-
spectively. These studies show the dependence of persistent post-
operative allodynia on persistent spinal p-ERK-1/2 and p-p38.

Discussion
Our study demonstrates that mice lacking MKP-3 protein de-
velop an abnormal persistent state of mechanical allodynia fol-

lowing plantar incision, which is concurrent with long-lasting
spinal phosphorylation of ERK-1/2 and p38.

Spinal cord and peripheral MAPKs have been recognized as
important contributors to the initiation of acute and persistent
postoperative pain and perpetuation of chronic postsurgical pain
in both animal models and human surgical conditions. MAPKs
are tightly controlled by dual-specificity phosphatases (i.e.,
MKPs), which possess potent catalytic activity and directly de-
phosphorylate their substrate kinases. Through this mechanism
that may be 100 –1000 times more potent than kinase enzymatic
activity (Jeffrey et al., 2007), MKPs, rather than upstream kinases
phosphorylating MAPKs, are thought to direct the extent of
MAPK phosphorylation (Bhalla et al., 2002) and, thus, to guide
the resolution of inflammatory processes via MAPK dephosphor-
ylation (Jeffrey et al., 2007). Our current findings are in accor-
dance with the physiological roles of MKP-3, as we have shown in
vitro (Romero-Sandoval et al., 2009).

Our findings specifically indicate that spinal cord MKP-3 is
necessary for the normal dephosphorylation of spinal MAPK in-
duced by peripheral surgery, which drives the resolution of acute
postoperative allodynia. Although the mice used in this study
(MKP-3 KO) are not conditional KOs, our approach allowed us
to dissect peripheral and central roles of MKP-3/MAPK signal-
ing. The lack of peripheral MKP-3 influences the resolution of
peripheral inflammation. However, the persistent mechanical
hypersensitivity when peripheral inflammation was resolved in
MKP-3 KO mice indicates a key role of MKP-3 in spinal cord
rather than in the periphery. Our findings strongly indicate that
the absence of spinal cord MKP-3 is the main driving mechanism
that allows the maintenance of spinal MAPK phosphorylation
and allodynia. We confirmed this by specifically inhibiting the
phosphorylation of ERK and p38 at the spinal cord level. Accord-
ingly, we have shown that in a rat model of chronic pain, L5 nerve
transection, spinal MKP-1 and MKP-3 levels are reduced, and
that the restitution of spinal MKP-1 and/or MKP-3 using in vivo
gene transfections or pharmacological approaches (using a can-
nabinoid receptor type 2 agonist, JWH015) prevents and treats
the peripheral nerve injury-induced mechanical allodynia (Lan-
dry et al., 2012; Ndong et al., 2012). We do recognize the partial
role of spinal MKP-3 in the resolution of acute postoperative
pain, since other mechanisms have been also described, such as
Protein Kinase M � (Asiedu et al., 2011). Additionally, our studies
do not rule out the potential role of MKPs (Freeman et al., 2008)
or other mechanisms in dorsal root ganglia.

Postoperative temporal changes in p-ERK expression further
support the involvement of MKP-3, which preferentially dephos-
phorylates p-ERK over p-38 or p-JNK (Jeffrey et al., 2007). The
phosphorylated form of ERK is necessary in transducing extra-
cellular signals to intracellular transcriptional and post-trans-
lational events that propagate pain-related signaling cascades
(Matsuoka and Yang, 2012), which are dynamically and progres-
sively activated in spinal cord neurons, microglia, and in astro-
cytes (Zhuang et al., 2005). Our current findings suggest that
spinal p-ERK-1/2, as well as p-p38, is necessary for perpetuation
of behavioral hypersensitivity also in the context of acute postop-
erative pain and its transition to persistent pain.

Our immunohistochemical and confocal microscopic
studies demonstrate that spinal cord neurons (p-ERK) and
microglia (both p-ERK and p-p38) acquire a pro-algesic phe-
notype (expression of MAPKs) in the absence of MKP-3 (KO
conditions). These data strongly suggest that neuronal and
microglial MKP-3 is pivotal in regulating MAPK phosphory-
lation in these cells. This assumption is in accordance with our

Figure 4. Effects of intrathecal injections of SB239063 (p-p38 inhibitor, n � 4), PD98059 (MEK-
1/2 inhibitor, n � 4), or vehicle (n � 4) in 50% paw withdrawal threshold 12 d after paw incision
surgery in MKP-3 KO mice (A). Representative Western blot image of spinal p-p38 (B), or spinal p-ERK
(D) and Western blot quantification of spinal p-p38 (C) or spinal p-ERK (E). A, Two-way ANOVA �
Bonferroni post hoc analysis, *p�0.05 versus vehicle group. B, C, One-way ANOVA�Dunnett’s post
test, *p � 0.05 versus vehicle group.
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previous findings in rats showing neuronal and microglial ex-
pression of spinal MKP-3 and its lack of expression in astro-
cytes (Landry et al., 2012).

Conclusions
Our data and the recognized biochemical and molecular regula-
tory properties render MKPs a potentially more suitable target
for the timely and proper resolution of postoperative pain. Our
data support the notion (Ndong et al., 2012) of developing spe-
cific MKP modulators (inducers) as potential therapies to pre-
vent the development of persistent postoperative pain (Shipp et
al., 2010; Bani-Hashem et al., 2011; Klongnoi et al., 2012).
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